Background. Application of annuloplasty rings during mitral valve (MV) repair has been shown to significantly change the mitral annular geometry. Until recently, a comprehensive two-dimensional echocardiographic evaluation of annular geometric changes was difficult owing to its nonplanar orientation. In this study, an analysis of the three-dimensional intraoperative transesophageal echocardiographic evaluation of the MV annulus is presented before and immediately after repair.
T he normal mitral valve (MV) annulus is a nonplanar, saddle-shaped structure with its highest point in the mid anterior annulus near the aortic valve and a second smaller peak near the mid portion of the posterior annulus [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The nonplanarity of the annulus is believed to contribute to leaflet stress reduction [12, 13] . Appreciation of the importance of this nonplanarity has led to the introduction of surgical repair techniques and prostheses that either maintain or restore the saddleshape of mitral annulus [3, 6, 14] . Restoration of nonplanarity after repair can also potentially reduce leaflet stress and thus improve the durability of repair [10] .
Owing to its saddle shape and difference in axes and levels of the various portions, the mitral annulus cannot be examined in a single two-dimensional ultrasound plane [7, [15] [16] [17] [18] . The analysis of mitral annular nonplanarity has so far been performed using either video fluoroscopy to follow implanted annular markers in animals [4, 5, 19, 20] or magnetic resonance imaging [21, 22] or echocardiography in humans and animals [2, 6, 10, 23-26]. The annulus was then mathematically reconstructed off-line, thus making the information impractical for clinical use in the operating room. In recent years, the introduction of three-dimensional echocardiography has been instrumental in developing a better description and understanding of the shape of the mitral valve annulus [27] . Also, with the availability of rapid threedimensional reconstruction, the geometric analysis of the MV is generally available with in a few minutes of acquisition [27] .
In this study, we describe the feasibility and initial results of performing complex yet rapid analyses of MV annular shape routinely using intraoperative threedimensional transesophageal echocardiography (TEE). Specifically, we compared the changes in the saddle shape of the native mitral annulus before and after repair with different annuloplasty devices by measurement of the nonplanarity angle (NPA). Our ability to appreciate the effects of annuloplasty rings and bands on the annular nonplanarity can potentially help the clinicians to select and choose the devices best suited for particular clinical situations.
Material and Methods
After Institutional Review Board approval, a total of 75 patients undergoing MV surgery at our institution consented to participate in the study. Six patients were excluded from the study owing to incomplete or unsatisfactory data acquisition. Perioperative TEE examinations were carried out after induction of general anesthesia and endotracheal intubation. All studies were performed on a Sequoia C512 ultrasound system (Siemens, Mountainview, California) utilizing a V5M multiplane TEE transducer. The ultrasound system was also equipped with the TomTec (GmBH, Munich, Germany) "on-line perspective box," a commercially available computer capable of automatic triggered rotational acquisition of ultrasound images from 0 to 180 degrees in 3-to 5-degree rotations of the scan plane. All images were acquired before start of the surgical procedure during a brief period of apnea and 
Echocardiographic Imaging
After performing a comprehensive two-dimensional and color-flow Doppler examination [28] , a three-dimensional acquisition of MV was performed. A mid-esophageal fourchamber view was obtained with the TEE, the region of interest (mitral valve) was identified, and a 5-degree rotational acquisition was started gated to the electrocardiographic R wave. The images were immediately rendered and reconstructed and analyzed utilizing the mitral valve assessment package software by TomTec (GmBH Munich, Germany) available on the perspective box. The mitral valve geometric reconstruction was performed according to the previously described methodology briefly outlined below [27] .
We also carried out similar echocardiographic examination on 8 patients undergoing coronary artery bypass graft surgery with normal ejection fraction, trivial mitral regurgitation, and no other valvular pathology for assessment and calculation of "normal" geometric determinants for comparison.
Mitral Valve Three-Dimensional Reconstruction
Briefly, the mitral valve geometric reconstruction was performed in a series of sequential steps, as follows. Reference image set-up: identification of the aortic valve in the upper outer quadrant (Fig 1A) . Image of interest: an end-systolic frame is identified. Landmark identification: anterior, posterior, anterolateral (AL), and posteromedial (PM) landmarks are identified on the orthogonal views from the reference image set-up, establishing the anteroposterior (AP) and mediolateral dimensions of the mitral annulus (Fig 1A, B) . Line of sight adjustment: an en-face view of the mitral valve (maximal annular crosssectional area). Mitral annulus marking: the mitral annulus is manually marked in a series of 10 rotated twodimensional slices evenly placed between the already established AP and AL-PM dimensions of the mitral annulus ( Fig 1C) . Commissural identification (see Fig 1D,  1) . Coaptation line identification: in a series of 10 rotated two-dimensional slices, the coaptation line is defined and manually marked (Fig 1D, Figs 2 and 3 ). Geometric analysis: in the last step, the geometric data based on the 
Geometric Variables
The following geometric variables were measured and generated automatically by the mitral valve assessment package based on the above workflow (Figs 2, 3 Fig 3D) . Posterior annulus length is the curve length between the endpoints of the commissural diameter through the posterior part of the annulus ring (Fig 3F) . Nonplanarity angle is a three-dimensional measure of the nonplanarity of the mitral annulus ( Figs 3F, 4) ; this is the angle subtended at the middle point of the commissural diameter, and the anterior and posterior landmarks, namely, the annular high points (Fig 4) ; the more nonplanar the annulus, the smaller the NPA. Circularity index is a derived ratio of AP diameter and AL-PM diameter and is automatically generated.
Mitral Valve Geometric Assessment After Repair
The next three-dimensional data sets were also acquired as electrocardiography-triggered three-dimensional volume sets after separation from cardiopulmonary bypass and were analyzed in the same fashion. Before and after repair, geometric measurements were then compared. All geometric reconstruction and analyses were performed by an experienced echocardiographer (F.M.) after acquisition. The R-wave-gated three-dimensional acquisition of MV data sets is completed in 30 to 40 s for a patient with a heart rate of 70 beats per minute, and the reconstruction and geometric analysis and data in less than 2 minutes.
Statistical Methods
Only patients with complete data sets (before and after cardiopulmonary bypass) were included and analyzed in the study. The MV geometric data were checked for normality with skewness and kurtosis. These normally distributed data were analyzed by a paired t test for before and after repair comparisons and a Student t test for comparison of means between groups. Any p value less than 0.05 was considered significant. The software SPSS 15.0 for Windows (SPSS, Chicago, IL) was used for analyses.
Results
Seventy-five consecutive patients scheduled to undergo mitral valve repair/replacement were enrolled in the study. We were able to acquire complete threedimensional data sets (before and after repair) in 69 (Table 5) .
The data were further subanalyzed based on the effects of specific annuloplasty devices on the valve geometry. The CE-Physio was the most frequently used full ring, for 34% of the cases. The use of this device resulted in a significant increase in the NPA angle, namely, the annulus became less saddle shaped whether it was used for ischemic Table 3 ). In patients with MV repair with partial CG-Future annuloplasty bands, there was no significant change in the circularity index after repair for either ischemic or myxomatous MVs (Table 4) . . The mitral annular nonplanarity in these studies is calculated as the ratio of annular heights (maximum and minimum) and commissural width (AHCWR), namely, the AHCWR measured relative to a plane of least-square fit through the three-dimensional annulus (Fig 5) [8, 9, 13,  23] . We used the NPA as a measure of the degree of the saddle shape of the annulus. The NPA has been used as for this purpose in other studies as well [30, 31] . Our observation of an unfavorable change in planarity of the native mitral annulus with application of complete annuloplasty rings during repair is consistent with a recent study assessing the annular planarity with a different methodology, the AHCWR [12, 29] .
Our methodology calculates the NPA as the angle subtended between the anterior and posterior annular landmarks (Figs 4, 5) and the middle point of the commissural diameter at end-systole (Fig 4) [30, 31] . A decrease in the NPA implies a more nonplanar annulus, with a corresponding increase in AHCWR (Fig 5) . Similar findings were also recently reported in an animal study model in which authors reported almost a 50% reduction in the AHCWR with application of a full ring in mitral position [29] .
Maintenance of annular nonplanarity has been shown to reduce leaflet stress in a finite model analysis of mitral leaflet structure [13] . Since the mitral annulus tends to become more flat during ischemic mitral regurgitation [32] , repair techniques that restore its saddle shape can potentially prolong durability. Ring annuloplasty in conjunction with MV repair has been shown to prolong the durability of repair [33] . However, MV geometry (size and planarity) is significantly altered by the architecture and design of annuloplasty devices (complete versus partial and rigid versus flexible) [11, 29, 34] . A recent animal study has also demonstrated that the newly developed saddle shaped MV annuloplasty rings optimize leaflet stress and force distribution by increasing the nonplanarity of the native annulus [29] . Although there are no clinical data to support this claim, it is quite possible that annuloplasty ring selection may affect short-and long-term durability of MV repair by alteration of leaflet stress.
Further research would be needed to establish the significance and impact of these geometric alterations on leaflet stress and repair durability. The clinical significance of the availability of this information in the operating room and its impact on surgical decision making also remains to be determined. In the past, such threedimensional geometric analysis was limited by cumbersome, time-consuming acquisition and off-line analysis. Our study describes that the three-dimensional acquisition and analysis can both be performed within minutes, with a software package tailored specifically to MV geometry [27] . Preoperative availability of information about the three-dimensional structure of the MV raises the possibility of the suitable selection of annuloplasty devices to achieve best results in individual patients.
Limitations of the Study
We have utilized a new methodology of assessment of planarity of the MV annulus, which would need further studies for validation. However, our results as well as prior results of application of NPA are consistent with studies utilizing the conventional methods of threedimensional reconstruction. Our three-dimensional evaluation is based on R-wave-gated scan plane rotation, which can make the volumetric acquisition time consuming and difficult. However, the system can be adjusted to customize the R-R intervals to facilitate the acquisition, slightly prolonging the time to acquire the data sets.
In conclusion, the application of annuloplasty rings during MV repair surgery results in profound geometric changes in the architecture of the MV. The geometric changes can be measured before and after valve repair utilizing three-dimensional TEE in the operating room. Complete rings increase the NPA of the MV (namely, make the native mitral annulus less saddle shaped) as compared with the partial rings. Neither of the two types of rings restores the NPA to the normal range. 
